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Abstract
In most animals, successful segregation of female meiotic chromosomes involves sequential associations of the meiosis I and meiosis
II spindles with the cell cortex so that extra chromosomes can be deposited in polar bodies. The resulting reduction in chromosome number
is essential to prevent the generation of polyploid embryos after fertilization. Using time-lapse imaging of living Caenorhabditis elegans
oocytes containing fluorescently labeled chromosomes or microtubules, we have characterized the movements of meiotic spindles relative
to the cell cortex. Spindle assembly initiated several microns from the cortex. After formation of a bipolar structure, the meiosis I spindle
translocated to the cortex. When microtubules were partially depleted, translocation of the bivalent chromosomes to the cortex was blocked
without affecting cell cycle timing. In oocytes depleted of the microtubule-severing enzyme, MEI-1, spindles moved to the cortex, but
association with the cortex was unstable. Unlike translocation of wild-type spindles, movement of MEI-1-depleted spindles was dependent
on FZY-1/CDC20, a regulator of the metaphase/anaphase transition. We observed a microtubule and FZY-1/CDC20-dependent circular
cytoplasmic streaming in wild-type and mei-1 mutant embryos during meiosis. We propose that, in mei-1 mutant oocytes, this cytoplasmic
streaming is sufficient to drive the spindle into the cortex. Cytoplasmic streaming is not the normal spindle translocation mechanism because
translocation occurred in the absence of cytoplasmic streaming in embryos depleted of either the orbit/CLASP homolog, CLS-2, or FZY-1.
These results indicate a direct role of microtubule severing in translocation of the meiotic spindle to the cortex.
© 2003 Elsevier Science (USA). All rights reserved.
Introduction
In most eukaryotes, meiotic chromosome segregation
results in production of four complete haploid sets of chro-
mosomes. In metazoan males, these four sets of chromo-
somes are distributed among four sperm. During the spe-
cialized meiosis of female metazoans, however, three of
four of the meiotic products are discarded, leaving one set of
haploid chromosomes with almost the entire cytoplasmic
volume of one oocyte. In animals, this female-specific pro-
cess is universally mediated by sequential assembly of a
meiosis I and then a meiosis II spindle, each of which is
closely associated with the oocyte cortex and oriented per-
pendicular to the cell cortex at anaphase. In many animals,
this spindle orientation at the cortex allows segregation of
half the homologous chromosomes and subsequently half
the sister chromatids into polar bodies through highly asym-
metric cytokinesis events. The close association of the spin-
dle with the cortex presumably allows a minimal volume of
oocyte cytoplasm to be lost in the polar body. The impor-
tance of this principle is illustrated by c-mos knockout
oocytes, which are defective in translocation of the meiosis
I spindle to the cortex and as a result form giant polar bodies
and correspondingly small eggs (Verlhac et al., 2000).
There are two general strategies that could be used to
position meiotic spindles at the cell cortex. In the first
strategy, the spindle is assembled adjacent to the cortex.
This occurs in Drosophila oocytes, where the prophase-
arrested nucleus (germinal vesicle) is positioned near the
site of future spindle attachment at the cortex in a microtu-
bule and Lis1/dynein-dependent manner (Lei and Warrior,
2000; Swan et al., 1999). In other species, like mouse, the
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meiotic spindle is not assembled adjacent to the cortex but
instead translocates to the cortex after the nuclear envelope
breakdown that accompanies meiotic maturation (Verlhac et
al., 2000). In many mitotic cells, nuclear and spindle move-
ments are mediated by long astral microtubules that extend
contiguously from centrosomes/spindle pole bodies to the cell
cortex (reviewed in Reinsch and Gonczy, 1998). Many ani-
mals, however, have neither centrosomes nor astral microtu-
bules associated with germinal vesicles or female meiotic spin-
dles (Klotz et al., 1990; Sathananthan et al., 1991; Albertson
and Thompson, 1993), suggesting that female meiosis-specific
mechanisms may be required for translocation of germinal
vesicles and meiotic spindles. Such female meiosis-specific
mechanisms might utilize noncentrosomal microtubule arrays
like those utilized in Drosophila germinal vesicle migration
(Cha et al., 2001) or actin-based motility like that used in
translocating the mouse MI spindle (Verlhac et al., 2000).
In addition to establishing contact with the cortex, female
meiotic spindles must orient perpendicular to the cortex to
allow segregation of chromosomes into polar bodies. There
are three general strategies that might be used to position the
anaphase spindle in an orientation perpendicular to the cell
cortex. The spindle might assemble pole-first from a cortical
attachment site, it might translocate to the cortex with one
pole leading, or it might undergo a discrete rotation event
after translocation to the cortex. Whereas the mouse meiosis
I spindle has been observed to translocate pole-first to the
cortex (Verlhac et al., 2000), mouse meiosis II spindles
(Maro et al., 1984), Xenopus meiosis I and II spindles (Gard
et al., 1995a), Drosophila meiosis I spindles (Endow and
Komma, 1997), and C. elegans meiotic spindles (Albertson
and Thompson, 1993; Clark-Maguire and Mains, 1994a; this
study) all undergo a discrete rotation to the perpendicular
orientation from a starting position parallel to the cortex.
In this study, we have characterized the microtubule and
actin dependence of germinal vesicle positioning, meiotic
spindle translocation to the cortex, and meiotic spindle
rotation in C. elegans. Because all three of these processes
were microtubule-dependent, we also examined the influ-
ence of three conserved microtubule regulators, MEI-1,
ZYG-9, and CLS-2. MEI-1 is the C. elegans ortholog
(Srayko et al., 2000) of p60 katanin (Hartman et al., 1998),
the catalytic subunit of a dimeric microtubule-severing pro-
tein. MEI-1 and MEI-2, the ortholog of the p80 katanin
subunit, colocalize at female meiotic spindle poles as well
as at meiotic chromosomes associated with the spindle
(Clark-Maguire and Mains, 1994a; Srayko et al., 2000).
Fixed immunofluorescence analysis of loss-of-function
mei-1 and mei-2 mutants have revealed extremely disorga-
nized female meiotic spindles (Mains et al., 1990). MEI-1
function appears to be restricted to female meiotic spindles
because the protein is degraded before assembly of the first
mitotic spindle (Clandinin and Mains, 1993; Kurz et al.,
2002). The strict maternal effect lethal nature of mei-1
mutants has allowed us to utilize a complete loss-of-func-
tion allele ct46ct101, which consists of a stop codon in the
middle of the conserved ATPase domain of mei-1 (Clark-
Maguire and Mains, 1994b).
ZYG-9 is the C. elegans representative of the DIS1/TOG
family of proteins that is essential for cell division in animals
(Cullen et al., 1999), fungi (Kosco et al., 2001), and plants
(Twell et al., 2002). The Xenopus homolog of ZYG-9,
XMAP215, is a microtubule-binding protein that promotes
rapid microtubule polymerization and increased dynamicity
(Vasquez et al., 1994) as well as antagonizing the activity of
the conserved microtubule-depolymerizing protein, XKCM1/
MCAK (Kinoshita et al., 2001). In C. elegans, ZYG-9 protein
is concentrated on the female meiotic spindle (Mathews et al.,
1998) and worms homozygous for the zyg-9(b301) allele,
which express no detectable ZYG-9 protein (Mathews et al.,
1998), exhibit defects in female meiotic spindles as well as in
later mitotic spindles (Kemphues et al., 1986).
CLS-2, encoded by the R107.6 open reading frame, is
one of three predicted C. elegans homologs of Drosophila
orbit/mast, a microtubule-binding protein essential for mi-
tosis (Maiato et al., 2002), and mammalian CLASPs, mi-
crotubule-tip-binding proteins important in fibroblast polar-
ization (Akhmanova et al., 2000). Embryonic lethality and
mitotic spindle defects due to depletion of the cls-2/R107.6
mRNA by RNA mediated interference (RNAi) were re-
ported in a chromosome III RNAi screen (Gonczy et al.,
2000). In a preliminary RNAi screen of potential microtu-
bule tip-binding proteins, only cls-2(RNAi) yielded embry-
onic lethality and meiotic defects (our unpublished results).
In this report, we show that positioning of the germinal
vesicle is dependent on microtubules and ZYG-9 but not on
F-actin, MEI-1, or CLS-2. Our results indicate that translo-
cation of the MI spindle to the cortex requires microtubules
and MEI-1/katanin but not F-actin, ZYG-9, or CLS-2. We
also describe a previously unreported cytoplasmic stream-
ing that occurs during C. elegans meiosis and clarify the
relationship between the anaphase promoting complex and
events during female meiosis.
Materials and methods
C. elegans strains
The GFP–histone-expressing strain, AZ212 (Praitis et
al., 2001), was obtained from the Caenorhabditis Genetics
Center. The GFP–tubulin-expressing strain, WH204
(Strome et al., 2001), was obtained from Christian Malone
and John White. Homozygous zyg-9(b301) worms were
derived from KK105 obtained from Ken Kemphues [zyg-
9(b301), unc-4(e120)/mnC1 II]. Homozygous mei-
1(ct46ct101) worms were derived from either HR152 [unc-
13(e1091), mei-1(ct46ct101), daf-8(e1393)/dpy-14(e188),
unc-29(e1072) I] or HR1069 [unc-13(e10910), daf-
8(e1393), mei-1(ct46ct101)/hT2[bli-4(e937), let(h661) I;
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hT2/ III], both obtained from Paul Mains. Homozygous
mei-l(ct46ct101) worms expressing GFP–histone were ob-
tained from crosses between HR152 and AZ212.
RNA interference
All of the RNAi experiments presented in this paper
were carried out by feeding bacteria (HT115) induced to
express double-stranded RNA corresponding to each gene
as described by Timmons et al. (2001) and Kamath et al.
(2001). In most cases, an approximately 1-kb fragment
corresponding to predominantly exonic sequences was PCR
amplified from genomic DNA and cloned into PCR XL topo
or PCR2.1 topo (Invitrogen) such that the insert was flanked
by inwardly facing T7 promoters. For tubulin RNAi, the
tba-1 -tubulin gene (Fukushige et al., 1995; F26E4.8 open
reading frame) or the tbb-2 -tubulin gene (C36E8.5 open
reading frame) was used. For FZY-1/CDC20 RNAi, a
genomic fragment from the ZK177.6 open reading frame
was used. One hundred percent embryonic lethality was
observed after 24 h of feeding for tubulin (RNAi), zyg-
9(RNAi), mei-1(RNAi), and fzy-1(RNAi), and the phenotypes
observed for zyg-9(RNAi) and mei-1(RNAi) were similar to
those observed for zyg-9(b301) and mei-1(ct46ct101)
worms. For cls-2 (RNAi), an EcoRI–XhoI fragment derived
from an EST clone (yk670c6 obtained from Yuji Kohara)
was cloned into the L4440 vector (Timmons et al., 2001).
Thirty-six hours of feeding were required to obtained 100%
embryonic lethality for cls-2. The FZY-1 double RNAi
experiments were carried out by cloning two genes into the
same L4440 vector. Thirty-six-hour feeding was used for all
double RNAi experiments.
In utero filming of meiotic spindle movements
Adult hermaphrodites were anesthetized with Tric-
aine/tetramisole as described (McCarter et al., 1999;
Kirby et al., 1990) and gently mounted between a cov-
erslip and a thin agarose pad on a slide. Vaseline or
mineral oil was used to reduce evaporation at the edge of
the coverslip. Imaging was carried out with a Nikon
Microphot SA upright microscope by using a 60 Pla-
nApo 1.4 objective. Excitation light from an HBO100
light source was attenuated with a heat and UV reflecting
“hot mirror” (Chroma Technologies) and a 25% trans-
mission neutral density filter. A GFP long pass filter set
(Omega Optical) was used. Excitation light was shuttered
with a Uniblitz shutter controlled by a Ludl MAC2000
controller and IP Lab Spectrum software. Exposures of
0.2–1 s were captured at 15- or 30-s intervals for 40-60 min
with a Photometrics Quantix/KAF1400 camera (Roper Scien-
tific). Every embryo was followed through formation of the
female pronucleus to ensure that meiosis was not arrested due
to photodamage. All quantitative analysis was carried out with
IP Lab Spectrum software (Scanalytics).
Latrunculin A treatment
After adult hermaphrodites were anesthetized with Tric-
aine/tetramisole, the tips of the worms’ tails were cut with a
scalpel to permeabilize the cuticle. These hermaphrodites were
incubated for 1 h in a humidified chamber in 25 M latrun-
culin A diluted into 0.8 egg buffer (Edgar, 1995) from a
DMSO stock or in 0.05% DMSO in 0.8 egg buffer for
controls. Treated worms were scored for the presence of
multinucleated embryos near the spermatheca (an indication of
mitotic cytokinesis failure), before in utero filming of meiosis.
In utero filming of cytoplasmic streaming
Meiotic cytoplasmic streaming was monitored in utero in
anesthetized hermaphrodites by DIC microscopy on an
Olympus IX70 with a 40/0.6 LCPlanFl objective using
continuous halogen lamp illumination. Images were re-
corded to VHS videotape every 0.83 s with a Panasonic
AG-6030 time-lapse VCR. Cytoplasmic streaming was not
always obvious when digital time-lapse images were cap-
tured with greater than 2-s intervals, possibly because cy-
toplasmic particles move in and out of focus at high rates.
Immunostaining
Embryos were released by cutting worms on poly-L-
lysine-coated slides, immersed in liquid N2, and fixed in
methanol at 20°C for 1 h. Slides were washed with PBST
(1 PBS containing 0.05% Tween 20), blocked in 4%
bovine serum albumin solution for 5 min, and stained with
1/200 anti--tubulin antibodies (clone DM 1A; Sigma) at
4°C overnight. Slides were washed again with PBST and
incubated with 1/200 Alexa 488 goat anti-mouse IgG (Mo-
lecular Probes) at 22°C for 2 h. After a final wash with
PBST and DAPI staining, the slides were mounted in
Mowiol mounting medium (Calbiochem) containing 2.5%
(w/v) 1,4-diazobicyclo[2.2.2]-octane for observation.
Confocal microscopy and image deconvolution
Images in Figs. 2A–D, 10B and D, and Movie 13 were
acquired with a Perkin-Elmer spinning disk confocal micro-
scope. Images in Fig. 10A, C, and E were captured with a
Delta Vision deconvolution microscopy system (Applied
Precision) using a UplanApo 100 1.4 objective. z-axis
sections (200 nm) were deconvolved with Delta Vision
softWoRx software.
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Results and discussion
Regular positioning of nuclei in prophase-arrested
oocytes involves a microtubule and ZYG-9-dependent
mechanism
Nuclei in diakinesis stage oocytes of wild-type C. el-
egans are regularly positioned relative to the cell cortex in
two respects. First, they are centrally positioned in the
dorsal–ventral and left–right axes of the worm (Fig. 1A, B,
and H); and second, they migrate toward the distal oocyte
cortex at a variable time before oocyte maturation (Mc-
Carter et al., 1999). This nuclear positioning was of interest
because it could contribute to meiotic spindle positioning.
The regular positioning of diakinesis nuclei suggested that
they might be anchored by the microtubule or actin cy-
toskeleton. Treatment of worms with the actin-sequestering
drug, latrunculin A, resulted in failures in polar body ex-
trusion (see below) but had no effect on positioning of
diakinesis nuclei (Fig. 1C). In contrast, depletion of  or 
tubulin by RNA interference (RNAi) resulted in misposi-
tioning of the nuclei of diakinesis oocytes (Fig. 1D and I).
Mispositioning of nuclei in tubulin (RNAi) oocytes could
indicate a direct role for microtubules in tethering nuclei or
could be an indirect effect of oocyte cell-shape changes
observed in tubulin (RNAi) worms. Oocyte nuclei were also
mispositioned in zyg-9(b301) worms and in zyg-9 (RNAi)
worms (Fig. 1E and J). Oocyte cell shape was relatively
normal in zyg-9 mutant worms, indicating that oocyte mis-
positioning was not likely to be due to cell shape effects in
these worms. Because ZYG-9 is a homolog of XMAP215,
a protein known to regulate microtubule length and poly-
merization dynamics (Vasquez et al., 1994), this result sug-
gests that ZYG-9 might regulate organization or dynamics
of microtubules in immature C. elegans oocytes in a manner
that is essential for positioning nuclei. Two other homologs
of conserved microtubule regulators, MEI-1 and CLS-2,
were not required for positioning of diakinesis nuclei (Fig.
1F, G, K, and L).
To determine how microtubules might contribute to ger-
minal vesicle positioning, oocyte microtubules were exam-
ined in living worms carrying a GFP-tubulin transgene
(WH204; Strome et al., 2001) by spinning disk confocal
microscopy. Oocyte microtubules in eight of eight wild-
type worms were arranged in a reticular network that could
be interpreted as a network of cross-linked microtubules
occurring in random orientations. These microtubules were
at the cortex (Fig. 2A) and extended from the cortex to the
nuclear envelope (Fig. 2B), consistent with a role in teth-
ering nuclei. In eight of eight zyg-9(RNAi) worms that
exhibited mispositioned nuclei, microtubules were always
observed at the cortex and extending from the cortex to the
nuclear envelope (Fig. 2C and D). Thus, ZYG-9 is not
absolutely required for assembly of oocyte microtubules.
ZYG-9 may regulate the dynamics of microtubules as does
its yeast homolog STU2 (Kosco et al., 2001) or it might
tether nuclear envelope proteins to microtubules.
Microtubule-dependent nuclear positioning is thought to
contribute to later cortical positioning of the meiosis I spin-
dle in Drosophila oocytes. However, nuclear positioning in
C. elegans oocytes does not appear to be essential for later
Fig. 1. Positioning of germinal vesicles is dependent on microtubules and
ZYG-9. (A) The schematic drawing shows the relative positions of diaki-
nesis stage oocytes and meiotic-stage embryos in the worm. Arrows indi-
cate the distances measured to calculate nuclear position within each
oocyte reported in (H–M). (B–G) DIC images of the proximal oocytes in
living worms with the indicated genotype show the offset position of nuclei
in tubulin (RNAi) (D) and zyg-9(b301) (E) worms relative to wild-type (B).
Bar, 10 m. (H–M) Histograms showing the percentage of diakinesis-stage
oocytes (y axis) with the indicated nuclear position (x axis). Nuclear
position was measured as (the distance from the center of the nucleus to the
nearest vertical edge of the oocyte)/(the vertical diameter of the oocyte)
100. The majority of wild-type nuclei were centered within the oocyte
(position 45-50%), whereas tubulin (RNAi) and zyg-9(b301) nuclei were
offset in the oocyte. A position of 15-25% indicates that the nucles was
touching the cortex in the vertical axis in most cases. This objective assay
could not detect statistically significant differences in proximal–distal
nuclear positioning simply because the proximal–distal dimension of the
oocyte was often only slightly greater than the diameter of the nucleus
(e.g., in B and D).
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spindle positioning since the majority of meiosis I spindles
in zyg-9 mutant embryos end up closely juxtaposed to the
cell cortex (see below).
Translocation of meiosis I chromosomes to the cell cortex
requires microtubules
The prophase arrest of immature C. elegans oocytes is
released through a signaling cascade that involves major
sperm protein discharged from sperm before fertilization
(Miller et al., 2003). This signaling results in entry into
M-phase (visualized as germinal vesicle breakdown,
GVBD) and movement of the oocyte first into the sper-
matheca, where it is fertilized and subsequently out of the
spermatheca into the uterus (McCarter et al., 1999; Miller et
al., 2001). By metaphase of meiosis I, the spindle is closely
associated with the cell cortex (Albertson and Thompson,
1993) but it has not been described exactly how the spindle
gets to the cortex.
Time-lapse imaging of maturing oocytes in 17/17 worms
expressing GFP-tubulin revealed that GFP fluorescence in-
tensity increased in maturing nuclei, which excluded GFP-
tubulin before GVBD. Thick bars of fluorescence appeared
over time (Fig. 3A, and online supplementary material
Movie 1). These observations suggested that microtubules
start polymerizing in the nucleus during GVBD and form
bundles while oocytes enter the spermatheca. Bipolar spin-
dles were completely assembled by 12.3 4.6 min (n 18)
after GVBD. In 18/18 cases, bipolar spindle assembly was
completed while the zygote was still inside the spermatheca.
Spindles also reached a maximal length (8.0 0.6 m) and
width (6.3  0.5 m) at this time. Wild-type MI spindles
started out 3.7  1.3 m (n  18) from the cell cortex and
moved toward the cortex at a rate of 1.0  0.7 m/min
(Table 1). Translocation to the cortex always occurred after
assembly of a bipolar spindle (Fig. 3A, and online supple-
mentary material Movies 1 and 2). In 11/18 observations,
this movement occurred after exit from the spermatheca,
Fig. 2. The microtubule array of wild-type and zyg-9(RNAi) diakinesis-stage oocytes. (A–D) Spinning-disk confocal microraphs of GFP–tubulin-labeled
microtubules in the proximal diakinesis-stage oocytes of living worms. A reticular array of microtubules was found at the cortex closest to the objective (A
and C) and extending through the cytoplasm to the nuclei (B and D). Microtubule arrays were observed in both wild-type (A and B) and zyg-9(RNAi) (C
and D) oocytes. Bar, 10 m.
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indicating that spindle translocation to the cortex occurs
through an intrinsic cytoplasmic motility rather than
through cortical distortions generated by the oocyte squeez-
ing through the spermatheca. Wild-type MI spindles never
(0/18) detached from the cortex after contact was made (Fig.
3H). In addition, wild-type MI spindles (13/18) exhibited a
sliding motion along the cortex over a distance of 8.8  4.3
m at a velocity of 1.8  1.1 m/min (Table 1) before
reaching the site of polar body extrusion (online supplemen-
tary material Movie 3).
To determine whether translocation of the MI spindle to
the cell cortex involves a microtubule-dependent mecha-
nism, time-lapse imaging was carried out on tubulin (RNAi)
worms. These worms had a reduced mass of polymerized
microtubules in their zygotes as indicated by anti-tubulin
immunofluorescence (Fig. 3D), but this reduction was not
complete as indicated by the occurrence of anaphase chro-
mosome separation (Fig. 3G, 38.5 min). In GFP–histone-
expressing wild-type worms (AZ212; Praitis et al., 2001),
translocation of bivalent chromosomes to the cortex was
always observed (Fig. 3F and H, and online supplementary
material Movie 4). In tubulin (RNAi) worms, however,
translocation of meiotic chromosomes to the cortex was
blocked and bivalent chromosomes were stationary in the
cytoplasm after ovulation (n  10) (Fig. 3G and I, and
online supplementary material Movie 5). This was not due
to the activation of the conventional MAD2-dependent spin-
dle checkpoint because homolog separation occurred and
female pronuclei formed with normal timing (Table 2). The
defect in bivalent translocation in tubulin (RNAi) worms
was not simply a consequence of mispositioned diakinesis
nuclei because in (20/23) zyg-9 (RNAi) or zyg-9(b301)
worms, which also had mispositioned diakinesis nuclei, the
meiotic spindle did translocate to the cortex (Fig. 3J). From
these results, we conclude that translocation of the MI
spindle to the cell cortex occurs by a microtubule-dependent
but ZYG-9-independent mechanism.
To test whether F-actin is required for MI spindle trans-
location, time-lapse imaging was carried out on worms
expressing GFP–tubulin or GFP–histone and which were
depleted of F actin either by treatment with 25 M latrun-
culin A (see Materials and methods) or by pfn-1(RNAi)
(Severson et al., 2002). Imaging of GFP-histone in two of
two latrunculin-treated embryos and three of three pfn-
1(RNAi) embryos revealed that chromosomes segregated
perpendicular to the cortex during meiosis I but then col-
lapsed back together as the meiosis II spindle formed (Fig.
4A, 22.3–30.5 min, and online supplementary material
Movie 6), indicating a complete failure in polar body for-
mation. Imaging of GFP-tubulin in four of four latrunculin-
treated embryos revealed assembly of a single MII spindle
containing double the normal complement of chromosomes
(online supplementary material Movie 7). The resulting
meiosis II spindle always (5/5) segregated chromosomes
into two masses with one mass pushed against the cortex
(Fig. 4A, 36.3 min). The chromosome mass at the cortex,
however, was never segregated into a polar body, and in-
stead, two female pronuclei formed at the end of meiosis II.
The complete failure in polar body formation after meiosis
I and II demonstrated that the latrunculin treatment and
pfn-1(RNAi) were effective at actin depolymerization. All
aspects of MI spindle assembly and translocation to the
cortex, however, were normal in six of six latrunculin A-
treated worms (Fig. 4A–C, Table 1, online supplementary
material Movies 6 and 7). Other than the failure to form
polar bodies and the resulting increase in ploidy, the only
meiotic defect observed in latrunculin-treated worms was
the rate at which the anaphase spindle narrowed into a
Fig. 3. Translocation of the meiotic spindle to the cortex is microtubule-
dependent. (A) Sequential time-lapse images of GFP–tubulin fluorescence
show translocation of a wild-type meiosis I spindle to the cortex soon after
establishing a bipolar shape. The oocyte cortex has been outlined with a
white line for clarity. Bar, 10 m. (B) Anti-tubulin immunofluorescence of
a wild-type meiotic embryo shows a spindle and the extensive array of
cytoplasmic microtubules. (C) DAPI stain of the embryo in (B). (D)
Anti-tubulin immunofluorescence of a meiotic embryo dissected from the
uterus of a tubulin (RNAi) worm shows the apparent absence of spindle
and cytoplasmic microtubules. (E) DAPI stain of the embryo shown in (D).
(F) Sequential time-lapse images of GFP-histone fluorescence in a wild-
type meiotic embryo show translocation of bivalent chromosomes to the
cortex (5.3-17.3 min). Anaphase I (22.5 min) and anaphase II (34.5 min)
both occur at the cortex. (G) In contrast, bivalents in meiotic embryos of
tubulin (RNAi) worms never translocated to the cortex. A single, discrete
but disorganized separation of chromosomes occurred in these embryos
(38.5 min). (H–J) The distance between chromosomes and the nearest point
on the cell cortex was measured in successive time-lapse images and
plotted over time. The vertical arrows indicate exit from the spermatheca.
Wild-type chromosomes (H) remained closely associated with the cortex
after translocation. The increases in distance at 20 and 35 min indicate
anaphase separation away from the cortex. Chromosomes in embryos of
tubulin (RNAi) worms (I) were displaced by cortical distortions before exit
from the spermatheca (arrow) but were stationary afterwards. (J). Spindles
in zyg-9(RNAi) embryos translocated to the cortex despite mispositioning
of germinal vesicles (Fig. 1E and J).
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midbody (Table 1). This result suggests that the contractile
ring normally squeezes the spindle midzone, thus contrib-
uting to the rate of midbody formation. Overall, these re-
sults indicate that translocation of the meiotic spindle to the
cell cortex either does not require F-actin or it utilizes an
array of actin filaments that are more resistant to latrunculin
A and pfn-1(RNAi) than those used in polar body formation.
CDC20/FZY-1 and microtubules are required for meiosis-
specific cytoplasmic streaming
In utero filming of wild-type oocytes from maturation to
pronucleus formation by DIC or brightfield microscopy
revealed a previously undescribed cytoplasmic streaming
that might contribute to meiotic spindle motility (online
supplementary material Movie 8). In 13/13 N2 wild-type
worms, this streaming of subcellular particles initiated 1.4
 1.1 min after exit from the spermatheca and lasted an
average of 18 min (range 13-26 min). Cytoplasmic stream-
ing moved in a circular pattern around the circumference of
the embryo. In 7/9 N2 worms, where imaging was the
clearest, streaming exhibited 1-3 clear reversals in the di-
rection of circular streaming. This circular cytoplasmic
streaming was remarkably similar to that described in Dro-
sophila oocytes (Bohrmann and Biber, 1994). In wild-type
C. elegans, meiotic cytoplasmic streaming always halted
before pronuclei were formed and before the initiation of
previously described cytoplasmic streaming (Hird and
White, 1993).
The precise timing of the initiation and cessation of
meiotic cytoplasmic streaming suggested that it might be
under cell-cycle control. In vertebrate oocytes, there are two
meiotic cell-cycle arrest points, a prophase arrest that is
released by maturation hormone and a metaphase II arrest
Table 1
Actin-independence of spindle translocation and shortening
Maximum
translocation
distance (m)
Translocation rate
(m/min)
Maximum
sliding distance
(m)
Sliding rate
(m/min)
Shortening
of spindle
length
(m/min)
Shortening of
spindle width
(m/min)
GFP–tubulin time-lapse Meiosis I
Wild-type (n  18) 3.69 1.31 0.98 0.67 8.79  4.30 1.84 1.05 0.77  0.18 0.66  0.13
0.05% DMSO (n  5) 3.81 1.21 1.18 0.94 8.82  4.03 1.87 0.85 0.71  0.23 0.61  0.05
25 M LatrunculinA (n  6) 4.28 1.23 1.31 0.55 13.1  7.53 3.88 2.73 0.59  0.33 0.39  0.09*
GFP–tubulin time-lapse Meiosis II
Wild-type (n  18) 0.89 0.36 — 5.82  3.36 2.07 1.19 0.78  0.19 0.49  0.17
0.05% DMSO (n  5) 3.88 1.78 — 7.03  2.07 2.40 1.26 1.08  0.19 0.42  0.07
25 M LatrunculinA (n  6) 1.83 1.43 — 4.24  1.82 1.51 1.22 0.85  0.27 1.10  0.66*
* P  0.005.
Table 2
Meiotic cell-cycle timing from germinal vesicle breakdown
Duration from GVBD
to anaphase I
(min)
Duration from GVBD
to anaphase II
(min)
Duration from GVBD
to pronucleus formation
(min)
GFP–tubulin time-lapse
Wild-type (n  21) 21.66 2.06 38.61 3.48 45.60 5.25
0.05% DMSO (n  5) 22.50  2.96 36.20 3.31 41.80 3.66
25 M Latrunculin A (n  6) 20.83 0.89 34.30 1.83 42.25 2.24
GFP–histone time-lapse
Wild-type (n  11) 20.72 3.38 35.22 4.30 40.96 5.26
RNAi control (n  9) 21.53  2.48 34.47 3.28 39.56 3.17
Tub(RNAi), 24 h (n  10) 23.70  6.20 No segregation 39.61 5.94
DIC video
Wild-type (n  16) 37.5  3.4
tbb-2(RNAi) (n  5) 38.6  2.4
mei-1(ct46ct101) (n  11) 37.3  3.5
cls-2(RNAi) (n  8) 42.1  13.9
fzy-1(RNAi) (n  8) 69
fer-1 (hc1) (n  7) 69
sep-1(RNAi) (n  8) 56  19.6
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that is released by fertilization-dependent egg activation
(Colas and Guerrier, 1995). In Drosophila, the second arrest
point is a metaphase I arrest that is released by passage
through the oviduct (Heifetz et al., 2001). In C. elegans
hermaphrodites, the first meiotic arrest is revealed in fem-1,
2, and 3 mutants which produce no sperm and therefore no
MSP maturation hormone (McCarter et al., 1999; Miller et
al., 2001). A second meiotic arrest point has not been
described in C. elegans. However, such an arrest might be
revealed in fer-1 hermaphrodites which produce defective
sperm that allow maturation but not fertilization (McCarter
et al. 1999). In 5/7 fer-1(hc1) worms, no cytoplasmic
streaming was observed, and embryos arrested as single
cells without nuclei for a prolonged period (Table 2). The
prolonged delay in the meiotic cell cycle in the absence of
fertilization was confirmed by the observation of three sin-
gle-celled embryos without nuclei adjacent to the sper-
matheca of fer-1(hc1) worms. These results indicated that
fertilization can promote the initiatiation of cytoplasmic
streaming and the timely progression through the meiotic
cell cycle after maturation.
CDC20 is a conserved component of the anaphase pro-
moting complex (APC) and fertilization-dependent activa-
tion of CDC20/APC reinitiates the meiotic cell cycle in
vertebrates (Peter et al., 2001; Nixon et al., 2002). Depletion
of the C. elegans ortholog of CDC20, FZY-1, by RNA
interference causes a meiosis I metaphase arrest (Kitagawa
et al., 2002) like that described for temperature-sensitive
mutations in genes encoding other APC subunits (Furuta et
al., 2000; Golden et al., 2000; Davis et al., 2002). In four of
eight fzy-1(RNAi) worms, no cytoplasmic streaming was
observed (within a 60- to 120-min observation period), and
in two of four of the remaining worms, streaming did not
start until 22 or 103 min after exit from the spermatheca.
Thus, both fertilization and FZY-1 are involved in the ini-
tiation of cytoplasmic streaming. Separase (sep-1) is
thought to act downstream of CDC20/APC in releasing
cohesion between homologous chromosomes at the meiosis
I metaphase anaphase transition in C. elegans (Siomos et al.,
2001). Four of eight sep-1(RNAi) worms exhibited only
slow hesitant cytoplasmic movements with no continuous
circular streaming. Three of four of the remaining sep-
1(RNAi) worms exhibited cytoplasmic streaming with ab-
normal timing (delayed start or short duration). Unlike fer-1
and fzy-1(RNAi) embryos, sep-1 (RNAi) embryos always
formed pronuclei, indicating cell-cycle progression (Table
2). These results suggest that a conventional fertilization-
CDC20/APC pathway is required to release a postmatura-
tion cell cycle arrest point during C. elegans meiosis. We
propose that a fertilization-CDC20/APC-separase pathway
also promotes the initiation of meiotic cytoplasmic stream-
ing.
Circular cytoplasmic streaming in Drosophila oocytes
requires microtubules (Bohrmann and Biber, 1994) and
kinesin heavy chain (Palacios and St. Johnston, 2002). Mei-
otic stage C. elegans embryos have an extensive reticular
network of cytoplasmic microtubules (Fig. 3B) that are
generally similar in appearance to those found in Drosoph-
ila oocytes (Cha et al., 2001). To test whether microtubules
are required for meiotic cytoplasmic streaming in C. el-
egans, in utero DIC filming was carried out on tubulin
(RNAi) worms. In 5/5 tubulin(RNAi) worms, no cytoplas-
mic streaming was observed even though cell-cycle timing
was unaffected (Table 2). In 5/8 cls-2(RNAi) worms, cyto-
plasm was stationary during meiosis, and in the other 3/8
cases, streaming was disorganized or of short duration. In
contrast, 12/12 homozygous mei-1(ct46ct101) worms ex-
hibited circular cytoplasmic streaming that started 2.6 3.2
min after exit from the spermatheca and lasted for 12-22
min (online supplementary material Movie 9). These results
indicate that meiotic cytoplasmic streaming in C. elegans is
dependent on microtubules and CLS-2 but not on MEI-1.
Spindle translocation to the cortex occurs independently
of cytoplasmic streaming
Imaging of tubulin (RNAi) worms revealed that micro-
tubules were required for both translocation of meiotic chro-
mosomes to the cortex (Fig. 3G and I) and for meiotic
Fig. 4. Depletion of actin filaments does not affect meiotic spindle trans-
location. (A) Time-lapse images of GFP–histone fluorescence in a meiotic
embryo of a latrunculin A-treated worm. Translocation to the cortex oc-
curred normally (3.0-9.3 min). Polar body formation failed, however, as
indicated by the collapse of chromosomes after anaphase I (27.0-34.0 min).
The long axes of the meiosis I and meiosis II spindles are oriented
perpendicular to the plane of focus (13.3 and 34.0 min), so that 6 chro-
mosomes are clearly visible in the meiosis I spindle and 12 chromosomes
are visible in the meiosis II spindle. The position of the cortex was
determined from contrast-enhanced images and indicated with a hand-
drawn white line. (B). Time-lapse images of GFP–tubulin fluorescence in
a meiotic embryo of a latrunculin A-treated worm. Translocation to the
cortex (5.5-8.8 min) and rotation (16.0 min) occurred normally. Bar, 10 m
in (A) and (B). (C) The distance from the edge of the spindle to the nearest
point on the cortex was plotted over time for a latrunculin A-treated
meiotic embryo. Arrow indicates exit from the spermatheca. Translocation
to the cortex occurred normally.
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cytoplasmic streaming, indicating that spindle translocation
might be driven by cytoplasmic streaming. Several lines of
evidence, however, support a model in which translocation
of wild-type MI spindles to the cortex is a microtubule-
dependent process distinct from cytoplasmic streaming.
First, wild-type MI spindles typically reach the cell cortex
before spermatheca exit (7/18) or within 3.9 min of sper-
matheca exit (11/18), whereas cytoplasmic streaming initi-
ated 1.4  1.1 min after exit from the spermatheca. Second,
cytoplasmic streaming was blocked or delayed in fzy-
1(RNAi) worms but spindles translocated to the cortex in
fzy-1(RNAi) embryos (Fig. 5A), where they maintained sta-
ble attachment. Finally, cytoplasmic streaming was com-
pletely blocked in 5/8 cls-2 (RNAi) worms but spindles were
associated with the cortex in 20/20 fzy-1/cls-2 double RNAi
embryos (see below) and spindles translocated to the cortex
in 8/8 cls-2 (RNAi) time-lapse sequences (Fig. 5B). Thus,
meiosis I spindles can achieve cortical attachment even in
the absence of cytoplasmic streaming.
MEI-1 (katanin) is required for translocation of the MI
spindle to the cortex
To further investigate the mechanism for translocation of
the meiosis I spindle to the cortex, time-lapse imaging of
GFP–tubulin or GFP–histone was carried out in worms
lacking the katanin ortholog, MEI-1, due either to homozy-
gosity for the mei-1(ct46ct101) null allele or to mei-
1(RNAi). MEI-1-depleted spindles always (19/19) moved to
the cell cortex but typically took much longer than wild-
type to reach the cortex. As described above, wild-type
spindles reached the cell cortex either before exiting the
spermatheca or within 3.9 min of spermatheca exit. In
contrast, MEI-1-depleted spindles reached the cortex 9.9 
2.4 min (n  19) post spermatheca exit. This delay in
cortical contact was not due to checkpoint activation be-
cause cell-cycle timing was normal in mei-1(ct46ct101)
meiosis (Table 2). After initial cortical contact, MEI-1-
depleted spindles remained associated with the cortex for
5.0  1.1 min but then always (18/19) detached and moved
through the cytoplasm away from the cortex. The single
MEI-1-depleted spindle that did not move away from the
cortex was trapped in a large polar body. Most (15/18)
MEI-1-depleted spindles contacted the cortex a second time
at a different location (Fig. 6A and B, and online supple-
mentary material Movie 10) before progression into inter-
phase (visualized as formation of multiple pronuclei in
MEI-1-depleted embryos). The behavior of MEI-1-depleted
spindles was completely different than that of wild-type
(Fig. 3F and H), zyg-9(RNAi or b301) (Fig. 3J), or cls-
2(RNAi) (Fig. 5B) meiosis I spindles, which maintained
close contact with the cortex after initial contact, and also
differed from that of tubulin(RNAi) spindles which were
stationary after exit from the spermatheca (Fig. 3G and I).
These results indicated that MEI-1-depleted spindles might
translocate to the cortex by a different mechanism than
wild-type spindles.
To confirm the apparent spindle positioning defect in
embryos lacking MEI-1, fixed time-point images were ac-
quired of meiosis I-arrested embryos within the uteri of
fzy-1 single RNAi, fzy-;mei-1 double RNAi fzy-1;zyg-9 dou-
ble RNAi or fzy-1;cls-2 double RNAi worms. Meiotic spin-
dles in the arrested embryos of fzy-1 single RNAi, fzy-1;
zyg-9 double RNAi or fzy-1;cls-2 double RNAi worms were
always (20/20 embryos each) in contact with the embryo
cortex (Fig. 7A, C, and D). In striking contrast, meiotic
spindles in arrested embryos of fzy-1;mei-1 double RNAi
worms were always (20/20 embryos) far from the cortex
(Fig. 7B). This result was confirmed by imaging of GFP-
tubulin in fzy-1(RNAi);mei-2(sb39) worms (unpublished ob-
servations). The large distance of spindles from the cortex at
a fixed time point in fzy-1;mei-1 double RNAi worms could
be a consequence of the transient association of spindles
with the cortex in mei-1(RNAi) or mei-1(ct46ct101) alone
(Fig. 6). However, time-lapse imaging of GFP-histone in
four of four fzy-1(RNAi);mei-1(ct46ct101) worms revealed
that spindles drifted slowly but did not move to the cortex in
the absence of CDC20/FZY-1 and MEI-1 (Fig. 7E, and
online supplementary material Movie 11). This result indi-
cated that MEI-1-depleted spindles translocate to the cortex
by a FZY-1-dependent mechanism, whereas wild-type,
ZYG-9-depleted, and CLS-2-depleted spindles all translo-
cate to the cortex by a FZY-1-independent mechanism.
Our results are consistent with a model in which a di-
Fig. 5. Spindle translocation to the cortex occurs in fzy-1(RNAi) and
cls-2(RNAi) embryos. (A) Distance from the edge of the spindle to the
cortex was determined from time-lapse images of GFP–tubulin fluores-
cence in a meiotic embryo of a fzy-1(RNAi) worm, and this distance was
plotted over time. Arrow indicates exit from the spermatheca. (B) A plot of
spindle distance from the cortex over time for a meiotic embryo of an
cls-2(RNAi) worm. Translocation to the cortex occurred in the absence of
cytoplasmic streaming in both types of embryos.
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rected translocation of the meiotic spindle to the cell cortex
and cytoplasmic streaming are two independent motility
events that both require the reticular network of cytoplasmic
microtubules. In tubulin(RNAi) worms, there are no cyto-
plasmic microtubules, both processes are blocked, and mei-
otic chromosomes are stationary after exit from the sper-
matheca. In MEI-1-depleted worms, translocation is
blocked but cytoplasmic streaming continues and pushes the
spindle into the cortex in a random fashion resulting in
further movement away and then back to the cortex. In
fzy-1(RNAi) worms, translocation occurs in the absence of
streaming. In fzy-1(RNAi);mei-1(ct46ct101) worms, both
translocation and streaming are blocked so spindles are
stationary after exit from the spermatheca. Simultaneous
Fig. 6. Translocation of MEI-1-depleted spindles is delayed and spindle
attachment to the cortex is unstable. (A) Time-lapse images of GFP-tubulin
fluorescence in a meiotic embryo of a mei-1(RNAi) worm show a disorganized
spindle that eventually contacts the cortex (17.3 min) but then dissociates from
the cortex. Bar, 10 m. (B) Plot of distance from the edge of the spindle to the
cortex for a mei-1(RNAi) embryo. Arrow indicates exit from the spermatheca.
Fig. 7. Localization of meiotic spindles in fzy-1(RNAi)-arrested embryos.
Worms expressing GFP–tubulin were fed bacteria expressing double-stranded
RNA corresponding to fzy-1 (A), fzy-1 and mei-1 (B), fzy-1 and zyg-9 (C), or
fzy-1 and cls-2 (D) for 36 h. Only the two embryos closest to the spermatheca
of each worm were scored. The position of the meiotic spindle relative to the
cell cortex was determined by capturing fluorescence and DIC images in
different focal planes extending from the bottom to the top of the embryos within
living worms. Meiotic spindles were always closely juxtaposed against the cell
cortex in embryos of fzy-1 (RNAi), fzy-1/zyg-9 double(RNAi), and fzy-1/cls-2
double (RNAi) worms. In contrast, the meiotic spindles in embryos of fzy-1/mei-1
double (RNAi) worms were always far from the cortex. (E) A plot of the distance
from the chromosomes to the cell cortex over time was derived from a time-lapse
sequence of a GFP–histone-expressing mei-1(ct46ct101);fzy-1(RNAi) worm. The
spindle did not translocate to the cortex but drifted through the cytoplasm.
Fig. 8. Meiotic spindles shorten in wild-type, zyg-9 (RNAi) and cls-2
(RNAi) worms, but not in mei-1 (RNAi) or fzy-1 (RNAi) worms. Pole–pole
spindle length was determined from successive time-lapse images of GFP–
tubulin fluorescence in meiotic embryos. During wild-type meiosis (A),
both the MI and the MII spindles shortened over time and rotated perpen-
dicular to the cortex midway through shortening. Rotation events are
indicated by arrowheads. Arrows indicate elongation of a narrow midbody
at the end of meiosis I and II. Neither shortening nor rotation occurred in
fzy-1 (RNAi) worms (B). Although poles could not be discerned in mei-1
(RNAi) spindles, no decrease in overall diameter was observed throughout
meiosis (C). In contrast, spindle shortening events were observed during
meiosis of zyg-9(RNAi) (D) or cls-2(RNAi) (E) embryos. In (D) and (E),
plots only show brief periods during meiosis because these spindles were
not parallel to the plain of focus for most of meiosis. Inset images are
shown as examples of spindle length changes. The cortex was highlighted
in these images for clarity.
254 H.-Y. Yang et al. / Developmental Biology 260 (2003) 245–259
GFP-histone/brightfield time-lapse imaging of mei-
1(ct46ct101) worms revealed that, in some cases, the spin-
dle clearly moves toward the cortex with the cytoplasmic
flow (online supplementary material Movie 9). In contrast,
spindles in wild-type embryos were largely resistant to
cytoplasmic flow.
FZY-1/APC initiates MEI-1-dependent spindle shortening
and chromosome segregation
In wild-type embryos, FZY-1/APC initiates a highly or-
dered series of events that lead to accurate segregation of
half the chromosome complement into a compact polar
body. After cortical contact, meiosis I spindles begin to
shorten at a velocity of 0.77  0.18 m/min (Fig 8A, Table
1, and online supplementary Movies 1 and 3). fzy-1(RNAi)
spindles do not shorten in this time frame (Fig. 8B, online
supplementary material Movie 12). During spindle shorten-
ing, spindles maintain a parallel or orthogonal orientation as
they also slide along the cortex (online supplementary ma-
terial Movie 3). When wild-type spindles have shortened
from 8.0  0.7 m to 4.8  1.0 m (n  18), they stop
cortical sliding and a discrete rotation occurs so that the
spindle orients perpendicular to the cortex (online supple-
mentary material Movies 1 and 3). Anaphase chromosome
separation occurs after rotation (online supplementary ma-
terial Movie 4), while the spindle continues to shorten to a
minimum length of 2.3 0.4 m. After reaching a minimal
length, the spindle narrows and lengthens to form a mid-
body which extends into the polar body. This cycle is
repeated in meiosis II.
Although spindle length cannot be determined for a
MEI-1-depleted spindle (because it has no discernable
poles), there is no net decrease in its maximum diameter
over the entire length of meiosis (Fig. 8C, online supple-
mentary material Movies 10 and 13). These observations
also revealed that the previously reported disorganization of
mei-1 mutant spindles (Mains et al., 1990) is due to a failure
in assembly rather than due to a collapse after assembly. In
contrast, both ZYG-9-depleted and cls-2 (RNAi) spindles
clearly exhibit shortening phases (Fig. 8D and E). Because
spindle length changes are thought to be mediated by motor-
driven sliding between anti-parallel microtubules (Sharp et
al., 2000), the failure of MEI-1-depleted spindles to shrink
may result from a lack of anti-parallel microtubule bundles
and/or a direct involvement of microtubule-severing activity
in spindle shortening.
Anaphase chromosome segregation is also thought to
depend on the anti-parallel organization of microtubules
within spindles. Time-lapse imaging of 11/11 GFP–histone-
expressing wild-type worms revealed that anaphase chro-
mosome segregation always occurred at a discrete time after
spindle rotation to the perpendicular orientation during both
meiosis I and meiosis II (Figs. 3F and 9A). Although chro-
mosomes in mei-1(ct46ct101) or mei-1(RNAi) spindles in-
creased in number during meiosis (indicating loss of co-
Fig. 9. Anaphase chromosome segregation never occurs in mei-1 (RNAi) embryos. Shown are sequential time-lapse images of GFP–histone fluorescence
during anaphase of meiotic embryos in (A) wild-type, (B) zyg-9(RNAi), (C) mei-1(RNAi), or (D) cls-2 (RNAi) worms. Bar, 10 m.
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hesion), they never (0/12) separated into 2 masses (Fig. 9C,
and online supplementary material Movie 14). In contrast,
6/7 zyg-9(b301) or zyg-9 (RNAi) spindles separated chro-
mosomes into 2 masses at least once during meiosis (Fig.
9B). Likewise, 4/4 cls-2(RNAi) spindles separated chromo-
somes into 2 masses at least once during melosis (Fig. 9D).
In the absence of ZYG-9 or CLS-2, anaphase chromosome
separations were typically abnormal with one or more chro-
mosomes straying away from the 2 main masses. The find-
ing that anaphase chromosome segregation does not occur
at all in MEI-1-depleted spindles supports the idea that these
spindles have no anti-parallel microtubule organization.
The observation of spindle-shaped structures in wild-
type, ZYG-9-depleted and CLS-2-depleted meiotic embryos
(Fig. 10A, B, and E–H) is consistent with our observation of
both spindle shortening and anaphase chromosome segre-
gation in these spindles. The completely disorganized ap-
pearance of microtubules in MEI-1-depleted meiotic spin-
dles (Fig. 10C and D), the observed lack of spindle
shortening, and the absence of anaphase chromosome seg-
regation are all consistent with a complete lack of microtu-
bules with organized polarity.
F-actin is not required for the CDC20-dependent rotation
of meiosis I or meiosis II spindles
After translocation of anastral meiotic spindles to the cell
cortex, the rotation of these spindles to the perpendicular
orientation was the most dramatic spindle movement (Fig.
11A, 10.8-12.8 min and 27.2-30.6 min, online supplemen-
tary material Movies 1 and 3). Rotation did not occur in
fzy-1(RNAi) embryos. We have thus far been unable to
accurately monitor spindle rotation in mei-1(ct46ct101),
zygg-9(b301), or cls-2 (RNAi) spindles because of the dis-
organized nature of spindle microtubules and chromosomes.
However, all aspects of spindle rotation were normal in 9/9
F actin-depleted embryos monitored by time-lapse imaging
of GFP–tubulin or GFP–histone (Fig. 11B and Table 3,
online supplementary material Movies 6 and 7). Even mei-
osis II spindles, which had a double complement of chro-
mosomes, rotated normally in latrunculin-treated and pfn-
1(RNAi) worms. This result suggests that the microtubule/
cortex interactions that mediate meiotic spindle rotation in
C. elegans do not require F actin or that they require a
subset of actin filaments that are resistant to latrunculin A or
pfn-1(RNAi). This result is not unprecedented since late
events of dynein-dependent spindle positioning in budding
yeast are also actin-independent (Heil-Chapdelaine et al.,
2000).
Summary
Our results demonstrate for the first time that the meiosis
I spindle translocates to the C. elegans oocyte cortex by an
intrinsic microtubule-based motility that is independent of
germinal vesicle positioning. These results also indicate a
specific requirement for the microtubule-severing protein,
MEI-1, in spindle translocation. An attractive hypothesis is
that the normal polarity of microtubules within an anastral
meiosis I spindle is used to allow directional translocation
Fig. 10. MEI-1-depleted meiotic spindles have no apparent spindle bipo-
larity. Anti-tubulin immunofluorescence (A, C, and E) or GFP–tubulin
fluorescence (B, D, F, G, and H) reveals the structure of meiotic spindles
in wild-type (A and B), mei-1 (C and D), zyg-9 (E and F), or cls-2(RNAi)
(G and H) embryos. Bar, 10 m. Spindle poles could never be discerned
in mei-1 mutant embryos, indicating a complete lack of parallel or anti-
parallel microtubule organization. Note the astral-like microtubules ema-
nating from the poles of the zyg-9 mutant spindles in (E).
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by sliding relative to the nonpolarized cytoplasmic micro-
tubules. It is also possible that motor proteins required for
spindle translocation simply do not assemble into a MEI-1-
depleted spindle. In addition, observations of cytoplasmic
streaming in fer-1, fzy-1(RNAi), and sep-1(RNAi) embryos
have revealed a fertilization-dependent cell-cycle transition
during C. elegans meiosis. A combination of whole genome
RNAi (Gonczy et al., 2000) and in utero filming of meiotic
spindle positioning should allow the elucidation of the
mechanisms of translocation and rotation.
Fig. 11. Meiotic spindle rotation is unaffected by the actin-depolymerizing drug, latrunculin A. (A) Time-lapse images of GFP–tubulin fluorescence in a
meiotic embryo within a wild-type worm. Discrete rotation events occur in both meiosis I (10.8-12.8 min) and meiosis II (27.2-30.6 min). (B) Time-lapse
images of GFP–tubulin fluorescence in a meiotic embryo within a latrunculin-treated worm. Discrete rotation events occur in both meiosis I (12.5-16.0 min)
and meiosis II (28.3-29.0 min). At 28.3 min, the spindle is oriented perpendicular to the plane of focus and it has rotated parallel to the plane of focus by
29 min. The position of the cortex was determined from contrast-enhanced images and indicated with a hand-drawn white line.
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